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FNR bottleneckWe measured the kinetics of light-induced NADPH formation and subsequent dark consumption by moni-
toring in vivo its ﬂuorescence in the cyanobacterium Synechocystis PCC 6803. Spectral data allowed the
signal changes to be attributed to NAD(P)H and signal linearity vs the chlorophyll concentration was
shown to be recoverable after appropriate correction. Parameters associated to reduction of NADP+ to
NADPH by ferredoxin–NADP+-oxidoreductase were determined: After single excitation of photosystem I,
half of the signal rise is observed in 8 ms; Evidence for a kinetic limitation which is attributed to an enzyme
bottleneck is provided; After two closely separated saturating ﬂashes eliciting two photosystem I turnovers in
less than 2 ms, more than 50% of the cytoplasmic photoreductants (reduced ferredoxin and photosystem I
acceptors) are diverted from NADPH formation by competing processes. Signal quantitation in absolute
NADPH concentrations was performed by adding exogenous NADPH to the cell suspensions and by estimating
the enhancement factor of in vivo ﬂuorescence (between 2 and 4). The size of the visible (light-dependent)
NADP (NADP+ + NADPH) pool was measured to be between 1.4 and 4 times the photosystem I concentration.
A quantitative discrepancy is found between net oxygen evolution and NADPH consumption by the light-
activated Calvin–Benson cycle. The present study shows that NADPH ﬂuorescence is an efﬁcient probe for
studying in vivo the energeticmetabolism of cyanobacteria which can be used for assessingmultiple phenomena
occurring over different time scales.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
NADPH is a key redox metabolite used in anabolic processes. In
photosynthetic organisms under light conditions, it is produced from
NADP+ and reduced ferredoxin (Fdred1 ) by the enzyme ferredoxin–
NADP+-oxidoreductase (FNR) according to the reaction: 2 Fdred +
NADP+ + H+→ 2Fdox + NADPH, Fdox being oxidized ferredoxin.
It is also produced in darkness by the oxidative pentose phosphate
pathway. In cyanobacteria as in all oxygen-evolving photosynthetic
organisms, CO2 assimilation occurs via the Calvin–Benson cycle which
depends upon ATP and NADPH formed during the light phase of photo-
synthesis. The FNR catalytic mechanism has been thoroughly investi-
gated in vitro since more than 40 years and is known in great detail
[1,2]. This contrasts to the in vivo context where there are still many
uncertainties, both in chloroplasts and in cyanobacteria, concerning
e.g. the role of the different FNR isoforms including their involvementd ferredoxin; FNR, ferredoxin–
ing frequency; chl, chlorophyll;
ors; ρNADPH, yield of NADPH for-
ent factor; PBS, phycobilisomes;
), pierre.setif@cea.fr (P. Sétif).
ights reserved.in different electron transfer pathways [3,4] and the FNR localization
and compartmentation [5–7]. Among the two isoforms of different
sizes that can be encoded by the unique FNR gene of Synechocystis sp
PCC 6803 (hereafter named Synechocystis) [3], the large isoform,
which constitutes the most part of FNR under the presently-used
photoautotrophic conditions, is bound to the phycobilisome (PBS) via
its N-terminal domain [8] and is thought of being primarily involved
in linear electron transfer [3].
Since a few years, a commercial spectrophotometer (DUAL-PAM,
Walz, Effeltrich, Germany) is available which allows NADPH to be
measured in vivo [9]. Pioneering studies were made in this area
showing that NADPH ﬂuorescence could be used for investigations
in cyanobacteria [10] and later on in chloroplasts and leaves [11].
Different lifetimes of NADPH ﬂuorescence were more recently
detected in chloroplasts, and this observation has been associated
to the occurrence of different forms of NADPH, either free or bound
to proteins [12]. These authors nevertheless concluded for the possi-
bility of a “continuous monitoring of light-induced changes of NADP
redox state in chloroplasts”, a sentence that our present work will
support to some extent for cyanobacteria. In a recent technical note,
Schreiber and Klughammer [9] reported an extensive, although prelim-
inary, study of light-induced NADPH measurements in cyanobacteria,
green algae and isolated chloroplasts. This last report was instrumental
to our study, where a detailed study of NADPH light-induced formation
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on cell suspensions of the cyanobacterium Synechocystis. Spectral data,
light-induced kinetics and calibration procedures will be described
which show that a considerable amount of information can be drawn
from such data regarding, among other things, the rate and efﬁciency
of NADPH formation after one or two ﬂashes, the rate limitation during
linear transfer, the pool quantitation and the time range of Calvin–
Benson cycle activation.
2. Material and methods
2.1. Culture conditions and preparation
Wild type cells of Synechocystis were grown photoautotrophi-
cally in an illuminated incubator at 32 °C in a CO2-enriched
atmosphere and under continuous light of moderate intensity
(50 μmol photons m−2 s−1) up to a maximum concentration of
12 μg chl./ml. The medium composition, including 10 mM sodium
bicarbonate, is described in [13]. As previously reported [9], a strong
background ﬂuorescence signal due to a ﬂuorescent substance is se-
creted by the cyanobacteria during growth. For decreasing the level
of background ﬂuorescence, the cells were centrifuged at 4000 g for
5 min just before the measurements and resuspended in fresh
growth medium. For every sample, the absorption spectrum of the
cell suspension was measured with an Olis-modernized Aminco DW2
spectrophotometer where the contribution of light scattering is mini-
mum. The chl.main absorption band in the red regionwas highly repro-
ducible for all cultures grown from 3 to 12 μg chl./ml with a maximum
at 679 nm and a peak ratio PBS to chl. (625 nm/679 nm) comprised
between 0.94 and 1.06. From these data, we concluded that the IsiA
protein was not present so that the chl. content of the cells arises only
from core photosystem I (PSI) and photosystem II (PSII).
2.2. NADPH measurements
Light-induced measurements were performed at 32 °C using the
NADPH/9-AA module [9] of a DUAL-PAM (Walz, Effeltrich, Germany)
in a square 1 × 1 cm opened cuvette withWT cell suspensions. Fluores-
cence is excited at 365 nmby a LED and is detected by a photomultiplier
(PM) between 420 and 580 nm, this wavelength region being selected
with a broad-band colored ﬁlter. The cells were incubated for
6–10 min at 32 °C in darkness inside the spectrometer before data
acquisition begun. When possible, the cell suspension was stirred
between measurements with stirring being stopped 30 s before
data acquisition (noise was larger with stirring). When the delay be-
tween two consecutive acquisitions during averaging was too short
for stirring, data acquisition was stopped from time to time and the
suspension was stirred during a short period (typically 1 min every
30 min). The absence of stirring for as long as 1 h had no visible
effect on the signals.
The DUAL-PAM conditions were as follows. For all measurements
except laser excitation, the standard geometric conﬁguration was that
shown in Fig. 1 in [9], except there was no DUAL-PD unit (“PD” for pho-
todiode). When using laser excitation, the 10 × 10 × 50 mm quartz rod
collecting the laser light was mounted opposite to the emitter unit
DUAL-ENADPH (“E” in “ENADPH” is for emitter; The DUAL-ENADPH
unit provides the measuring light for NADPH excitation and red actinic
light as well) so that the DUAL-DR unit (“DR” for detector; the DUAL-DR
unit is not used for detection in our measurements as detection is made
with the photomultiplier but is nevertheless kept in the set-up as it pro-
vides red actinic light togetherwith DUAL-ENADPH; in this way, the cell
suspension is illuminated with actinic light from both opposite sides in
the standard conﬁguration) had to be mounted opposite to the PM. As
DUAL-DR contributes to actinic excitation, this led to PM saturation
with signal loss for c. 5 ms following 10 μs ﬂashes (see Fig. 5A). It was
checked that, in this last conﬁguration (actinic light provided byENADPH and DR at right angles), the signal elicited by 10 μs ﬂashes is
similar to that found when DUAL-DR is opposite to DUAL-EDNADH
(standard conﬁguration) despite the fact that excitation is less homoge-
neously distributed. For allmeasurements, themeasuring light intensity
(365 nm) was set at 4 (on a scale of 1 to 20 in the DUAL-PAM software)
and the measuring frequency (MF) was set at 100 Hz in darkness. This
ensured no detectable actinic effect of the measuring light. The time-
averaged light intensity at a setting of 4 and at a MF of 100 Hz corre-
sponds to 1.2 × 10−4 μmol photons m−2 s−1 (personal communica-
tion, Dr. Erhard Pfündel, Walz). The intensity is proportional to the
setting (1 to 20) and to the MF. Under continuous illumination, MF
was increased to 5000 Hz, thus decreasing the noise level whereas its
actinic effect is negligible vs. that of the red actinic light, and set back
to 100 Hz at the end of the illumination period. During ﬂash measure-
ments (10 μs ﬂashes provided by the DUAL-PAM or laser ﬂashes), MF
was increased to 5000 Hz from 10 ms before the ﬂash to 100 ms after
the ﬂash (or ﬁrst ﬂash in double ﬂash measurements). This led to a sig-
niﬁcant actinic effect which had to be subtracted. The actinic red light
(continuous light and 10 μs ﬂashes) was provided by the DUAL-PAM:
maximum intensity at 628 nm, 50% intensity at 620 and 635 nm. The in-
tensities mentioned in the ﬁgures are those given by the DUAL-PAM
software. For calibrating the signal level, exogenous NADPH was
added to the cell suspension at a ﬁnal concentration of 2 to 4 μM at
the endof themeasurements. The concentration of the stockNADPH so-
lution was controlled by absorption (ε= 6220 M−1 cm−1 at 340 nm
[14]). As the signal(s) induced by the ﬁrst illumination period(s) was
(were) slightly different from the following ones, preillumination cycles
were used in most experiments, as detailed in each ﬁgure legend. The
laser excitation (wavelength, 700 nm; duration, 6 ns; energy, 28 mJ)
was provided by a dye laser (Sirah Laser- & Plasmatechnik) pumped
by a frequency-doubled Nd:YAG laser (Quanta Ray, Spectra Physics).
Digital averagingwas used for all continuous lightmeasurements (aver-
aging 10 points) except those of Fig. 6 whereas no digital averagingwas
used for ﬂash measurements.
When extensive averaging was used (Figs. 1–6) and/or when differ-
ent signals had to be compared, several precautionswere taken.Wewill
ﬁrst describe the case ofmeasurementsmadewithout interferenceﬁlter
(excluding Figs. 1B/C and 2B/C). For continuous illumination experi-
ments, the measurements following preillumination treatments were
checked to be similar before averaging (one by one or by averages of 4
when the signal to noise ratio was not good enough). Then the average
of these initial signals was checked to be similar to partial averages
made during the course of the measurements. For ﬂash experiments,
averaging 100 measurements was necessary before any comparison
was possible with a sufﬁcient signal to noise ratio. Series of 100–200
averages were then compared, and found to be similar, before these
series were themselves averaged. For the data of Fig. 5, single ﬂashmea-
surements were alternated with double ﬂash measurements (in series
of 100–200). For the data of Fig. 6, the signals were averaged by series
of 20 measurements before the light intensity was changed. For a
given intensity, 3 such series giving identical signals were themselves
averaged.
Whenmeasuring spectra (Figs. 1B/C and 2B/C), it was not possible to
check that there was no signal variability because of insufﬁcient signal
to noise ratio. Measurements with interference ﬁlters were alternated
with measurements without interference ﬁlter and it was checked
that these last measurements gave similar signals during the whole ac-
quisition period. Moreover, for the experiments of Figs. 1 and 2, several
samples were used (8 and 10, respectively) and the whole spectrum
was measured for each sample.
A control experiment was made in order to check whether local
pH changes could be involved in the slow kinetics of NAD(P)H ﬂuores-
cence (Fig. 2A): It was checked, by measuring NADPH ﬂuorescence
in a standard commercial spectroﬂuorimeter (Cary Eclipse, Agilent
Technologies) that the NADPH ﬂuorescence spectrum and intensity
are pH-independent in the pH range 7–10. We also checked that
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Fig. 1. Fluorescence kinetics induced by 10 μs ﬂashes.Wavelengthswere selected by using
interference ﬁlters (FWHM≈ 10 nm). One ﬂash every 4 s. Cell suspension at a concentra-
tion of 2.5 μg chl./ml. In vivomeasurements between−400 and 2800ms (ﬂash at time 0).
The measuring frequency is 5000 Hz from −10 to 100 ms, 100 Hz otherwise.
Preillumination treatment: 3 periods of 30 s illumination (Δt = 2 min). The total experi-
ment was made with 8 different samples. (A) No wavelength selection (no interference
ﬁlter), average of 1900 ﬂashes. The different noise levels are due to the different measur-
ing frequencies used during signal rise and decay. The scale was arbitrarily set to 1 for the
signal at 60 ms (obtained from a linear ﬁt between 60 and 100 ms). (B) Kinetics at 3
different wavelengths: 460 nm (black), 500 nm (red), 540 nm (blue). Averages of 2100
ﬂashes at each wavelength. (C) Spectrum of 20 μM NADPH which was added to a cell
suspension at 2.5 μg chl./ml (black; see Fig. S2). Spectrum obtained from kinetics similar
to those of part B (green). The amplitudes were measured from the values at 60 ms
(obtained from linear ﬁts between 60 and 100 ms). Both spectra were normalized to
100 at 480 nm. Kinetics without interference ﬁlter were regularly intercalated between
kinetics with interference ﬁlters, thus checking that the signal size remained constant
during the whole experiment. For each signal, the baseline between−6 ms and 0 (ﬂash
time) was arbitrarily set to zero after ﬁtting with a constant. The errors for the green
spectrum are the sums of the errors resulting from ﬁtting the baselines with constants
and ﬁnal signal levels with linear functions.
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Fig. 2. Fluorescence kinetics induced by a 10 s illumination period. Actinic light intensity of
216 μmol m−2 s−1. One measurement every 45 s. Cell suspension at a concentration of
2.5 μg chl./ml. Themeasuring frequency is 5000Hz during illumination, 100Hz otherwise.
Preillumination treatment: 5 periods of 10 s illumination (Δt = 45 s). The total experi-
ment wasmadewith 10 different samples. (A) No interference ﬁlter, average of 585mea-
surements. The red line starting at 10 s is drawn arbitrarily for an illustrative purpose and
corresponds to a monotonous exponential decay back to the baseline level. (B) Kinetics at
3 different wavelengths: 460 nm (black), 500 nm (red), 540 nm (blue). Averages of 240
measurements at eachwavelength. (C) Spectrumof 20 μMNADPH (black; same spectrum
as in Fig. 1); the green and orange spectra were obtained from kinetics similar to those of
part B with the same interference ﬁlters as those of Fig. 1. The 3 spectra were normalized
to 100 at 480 nm. The green spectrum corresponds to themaximumsignal between 8 and
10 s after onset of illumination. The orange spectrum corresponds, with an inverted sign,
to theminimum signal between 16 and 21 s. For the green and orange spectra, the ampli-
tudes were determined by ﬁtting with constants and the errors were calculated as for
Fig. 1. Kinetics without interference ﬁlter were regularly intercalated between kinetics
with interference ﬁlters, thus checking that the signal size remained constant during the
measurements.
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modify NADPH ﬂuorescence at pH 8.
2.3. Chlorophyll a and photosystem I concentrations
The chl. a concentration was measured after methanol extraction
using the absorption coefﬁcient given in [15]. This was used to estimate
the approximate PSI concentration. For this purpose, knowledge of the
PSI/PSII ratio is a prerequisite. In a recent work on Synechocystis [16], avalue of 5 for the PSI/PSII ratiowasdeterminedby biochemicalmethods.
In this last study as well as in the present case, the cultures were grown
at moderate light intensity (c. 50 μmol photons m−2 s−1) with light
exciting PBS more than chl. Under such conditions generally referred
to as PSII light, ratio values of 2.5 to 10 were also found in other
cyanobacterial strains [17]. We failed to determine precisely the
PSI/PSII ratio by EPR [18] from the cultures used in this study due to
the small intensity of the tyrosine-D radical signal (unpublished obser-
vations and personal communication from Dr. A. Boussac). These EPR
experiments were consistent with a ratio larger than 4. Assuming con-
servatively a PSI/PSII ratio between 3 and 10 and taking into account
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Fig. 3. Amplitude of NADPH ﬂuorescence at different cell amounts. Measurements
similar to those shown in Figs. 1A and 2A were performed at different chl. concentra-
tions, from 0.5 to 7.5 μg chl./ml. Signal sizes exhibit a nonlinear saturation-like be-
havior when plotted as a function of chl. concentration, both for the signal elicited
by a 10 μs ﬂash (A) and the signal elicited by a 10 s illumination period (B). At each chl.
concentration, 800 and 270 measurements were averaged for ﬂash and continuous light
experiments, respectively. After correction for the apparent transmission of the cell
suspension (corrected signal = uncorrected signal/apparent transmission with apparent
transmission= 10(−0.0644 × chl. in μg/ml), see Fig. S4), the signals exhibit a linear depen-
dence upon the chl. concentration (open squares). The lines in both parts result from
linear regression ﬁts.
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Fig. 4. Kinetics of NADPH formation and decay induced by a short ﬂash (10 μs duration).
One ﬂash every 10 s. Average of 800 measurements. Cell suspension corresponding to
2.2 μg chl./ml. Preillumination treatment: 3 periods of 30 s illumination (Δt = 2 min).
The red rectangles correspond to a high measuring frequency (5000 Hz). (A) The rising
kinetics are shown after baseline subtraction (see Fig. S6). (B) The decay kinetics are
shown without correction, thus explaining the larger initial amplitude of the signal
than for the rising signal in (A). The decay is ﬁtted with a single exponential phase of
0.96 s halftime (blue curve).
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in PSII), the in vivo chl. to PSI ratio is expected to lie between 100
and 108. An intermediate value of 105 was used throughout the
present study to calculate the in vivo PSI concentration from the chl.
concentration.
2.4. Oxygen-evolution measurements
These measurements were made with the set-up described in
[19]. Oxygen-evolving under saturating light (between 600 and
730 nm) as well as oxygen consumption in darkness were measured
in parallel with NADPH measurements on a cell suspension at
5.5 μg chl./ml. During the initial dark period, O2 consumption was
c. 30 μmol mg−1 chl. h−1 and light excitation led to O2 evolution at
a rate of 193 μmol O2 mg−1 chl. h−1. This was followed by partial
deoxygenation with argon ﬂushing thus leading to a decreased
dark O2 consumption of 12 μmol mg−1 chl. h−1. An evolution rate
of 258 μmol O2 mg−1 chl. h−1 was then measured under light.
3. Results
The light-induced signals that we will describe below are relatively
small compared to the background ﬂuorescence [9]. This impedes the
evaluation of an absolute level of NADPH ﬂuorescence and allmeasurements will be displayed with the dark signal preceding illumi-
nation arbitrarily set to zero. As wewill describe light-induced changes,
the ﬂuorescence signals will be considered to arise from NADPH, which
is initially produced by FNR during illumination. However it must be
kept inmind thatNADHandNADPH cannot bedistinguished byﬂuores-
cence, so that NADH contributions to the signals cannot be excluded.
3.1. Kinetics and spectra after short ﬂashes or during/after continuous light
Our ﬁrst goal was to measure the spectrum of the ﬂuorescence
signal, in order to check that it arises from NADPH. Such experiments
are shown with either short ﬂashes of 10 μs duration (Fig. 1) or a 10 s
continuous illumination (Fig. 2, same arbitrary units for both ﬁgures).
The kinetics in part A of the ﬁgures were recorded with the colored
broad-band ﬁlter (see the Material and methods section) whereas
those in part B were measured at individual wavelengths by inserting
interference ﬁlters between the colored ﬁlter and the PM. Spectra
were thus obtained between 430 and 540 nm (part C) and were found
to be similar to the ﬂuorescence spectrum that was measured with
the DUAL-PAM for exogenous NADPH added to a cell suspension at
the same concentration (Fig. S1). This last spectrum exhibits a maxi-
mum at 480 nm, contrary to its known emission maximum peaking
around 460nm[20]. This distortion arisesmost probably from the prop-
erties of the interference ﬁlters used with the PAM (precise bandwidths
and maximum transmissions are not identical). The present spectral
0 20 40 60 80
0.00
0.01
0.02
0.03
0.1 1 10
0.0
0.2
0.4
0.6
0.8
1.0
t /ms
N
AD
PH
 fl
uo
re
sc
en
ce
B
N
AD
PH
 fl
uo
re
sc
en
ce
 (a
.u.
)
Time /ms
A c
b
a
Fig. 5. Kinetics of NADPH formation in double ﬂash experiments. (A) NADPH rising kinetics
are compared for experiments involving a single laser ﬂash (trace a, average of 2000
measurements), a laser ﬂash followed by a 10 μs ﬂash with time intervals between the
two ﬂashes of either 1ms (trace b, average of 800measurements) or 20ms (trace c, average
of 300 measurements). The same baseline (no ﬂash) was subtracted from the three signals.
The signal from the PM could not be measured for 5 ms after the 10 μs ﬂash because part of
the LEDs exciting light was facing the PM in the geometrical conﬁguration used for these
measurements (see the Material and methods section). It was checked that, in this conﬁgu-
ration, there is no signal distortion 5ms after the 10 μs ﬂash. (B) The ratio of the second ﬂash
increment to theﬁrstﬂash amplitude is plotted as a functionof the time interval between the
two ﬂashes, in logarithmic horizontal scale. The increment was measured at 40–60 ms after
the 10 μs ﬂash from differences such as (c–a) or (b–a) of part A. The different symbols corre-
spond to measurements recorded during 4 different days, using similar samples as those
studied in (A). Each symbol corresponds to an average of 200 to 800measurements. The ki-
netics induced by a single laser ﬂash are also shown after manual adjustment (vertical shift
and multiplication for level adjustments at both 0.5–2 ms and 20–40 ms). Cell suspensions
corresponding to 2.35 μg chl./ml; one measurement every 5 s; preillumination treatment
for each sample: 3 periods of 45 s illumination (Δt=2 min). For (B), the datawere obtained
from 8 different samples.
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Fig. 6. NADPH kinetics induced by continuous light of different intensities. The ﬂuores-
cence signals were recorded during and after illumination periods of 3 s at 5 different
actinic light intensities (60, 126, 216, 531, 1287 μmol photons m−2 s−1 from bottom to
top; The kinetics are shifted vertically for better visualization). One measurement every
20 s, average of 60 measurements for each light intensity.
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signals arise mostly from NADPH (see the Discussion section). Besides
this, different features of these kinetics can be noticed:
- After a 10 μs ﬂash, the signal rise is almost completed at 30 ms and
half of the signal rise has occurred in less than 10 ms. The signal
then decays much more slowly.
- After the onset of continuous illumination, the initial fast rise is
followed by a decay/rise feature leading to a plateau attained at
about 8 s under these experimental conditions. Such complex
kinetics have been already observed both for cyanobacteria [9,21]
and the green alga Chlorella vulgaris [9], but have not been clearly
interpreted yet (see the Discussion section).
- After the end of continuous illumination, a large undershoot is
observed (the after-light level is transiently below the dark level),
also in line with previous measurements [9,21]. Its spectrum(in orange in Fig. 2C) shows that it can be attributed to NADPH
(and possibly partially to NADH). Processes of NADPH consumption
have been therefore activated during the illumination period.
Should this not be the case, the ﬂuorescence signal would decay
monotonously to the dark level (as illustrated by the drawn red
curve in Fig. 2A).
- Comparing the amplitudes between Figs. 1 and 2 reveals that the
NADPH amount formed during continuous illumination is about
4.5-fold the single ﬂash amount, whereas the difference between
the maximum level (at 8–10 s) and the minimum level (at
16–21 s) corresponds to 8 times the singleﬂash signal. This suggests
that the NADP pool is not very large compared to the PSI
concentration.
A technical point is alsoworthmentioning: The noise levels appear to
be different along with time. This is related to the measuring frequency,
which needs to be adjusted in order to minimize the actinic effects of
the measuring light [9] (see ﬁgures legends and the Material and
methods section for further details).
3.2. The NADPH signals can be quantitatively estimated
The same signals as those measured in Figs. 1A and 2A were mea-
sured at different cell amounts. This is shown in Fig. 3A and B (crosses)
as a function of chlorophyll (chl.) concentration. Both the signals elicited
by a 10 μs ﬂash and a 10 s light period deviate from linearity, even at the
smallest concentrations that were studied, and reach a plateau at about
4 μg chl./ml. At concentrations above 10 μg/ml, the signals decrease
with concentration (not shown). These observations can be attributed
mostly to ﬂuorescence reabsorption. Exogenous NADPH can be added
to a cell suspension and its ﬂuorescence can be measured in darkness
(Figs. S1, S2 and S3). Its ﬂuorescence signal remains constant for several
minutes which shows that NADPH is not consumed or degraded during
this time. For a given concentration of exogenous NADPH, the signal
decreases with the cell concentration (Fig. S3) following an apparent
Beer's law where the signal attenuation, when converted to apparent
absorbance, increases linearly with chl. concentration (Fig. S4). When
the in vivo light-induced signals are corrected for this apparent absor-
bance, a linear dependence is recovered between the signal intensities
and the chl. concentration (open squares in Fig. 3A/B). These data
show that measuring the exogenous NADPH ﬂuorescence allows
quantitative estimation of light-induced NADPH in cell suspensions
at any chl. concentration up to 7.5 μg/ml. In most of our measure-
ments, such a dark calibration was performed by adding, at the end of
the experiment, a known amount of exogenous NADPH. Accordingly,
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in units of NADPH concentrations. This quantiﬁcation procedure will
be applied and critically evaluated in the Discussion section.
3.3. Photosystem I photochemistry is saturated by 10 μs ﬂashes
As 10 μsﬂashes providedwith theDUAL-PAMwere used extensively,
we asked the question whether these ﬂashes are saturating. Moreover,
besides saturation, some double PSI turnover may occur within 10 μs,
although this seems rather unlikely in view of our current knowledge
of in vivo electron donation to P700+ in Synechocystis (see e.g. [22]).
Both issues (saturation and absence of double turnover) could be tested
together by using an intense and short laser actinic ﬂash which was
synchronized with the DUAL-PAM acquisition. The same signal kinetics
and amplitudes were observed for the 10 μs ﬂash and the oversaturating
laser pulse (Fig. S5). Identity of the two signals show that 10 μs
ﬂashes are most probably saturating and elicit single PSI turnover,
as nanosecond laser ﬂashes do.
3.4. Kinetics of NADPH formed after a single ﬂash
The kinetics of NADPH formation and decay are shown in detail in
Fig. 4. It was necessary to subtract a baseline contribution in order to
measure the true rising kinetics (see Fig. S6, which corresponds to the
samedata set). After an initial lag lasting for 2–3ms, the signal rises rap-
idly and reaches its full size in less than 40 ms, with half of the signal
being formed in c. 8 ms (Fig. 4A). The signal decay after the ﬂash
(Fig. 4B) can be ﬁtted with a single exponential component of t1/2 =
0.96 s. The relatively large noise level during the decay is due to the
low measuring frequency of the measuring light (see the Material and
methods section). The “initial” (at 100 ms after the ﬂash) size of the
decaying signal is also larger than that seen in Fig. 4A. This is due
to the fact that the raw signal is displayed in Fig. 4B after 100 ms,
i.e. without subtracting the baseline updrift which is present during
the ﬁrst 100 ms after the ﬂash.
3.5. Kinetics of NADPH formed after two consecutive ﬂashes
We devised a double-ﬂash experiment with different time intervals
(hereafter namedΔt) between the two ﬂashes (6 ns laser ﬂash followed
by a 10 μs ﬂash). The goal of this experiment was two-fold: Firstly, to
compare the signal amplitude elicited by the second ﬂash when Δt is
just sufﬁcient for the ﬁrst-ﬂash rise to be completed (Δt≈ 20–40 ms)
to the ﬁrst ﬂash amplitude. As this Δt is sufﬁcient for P700+ formed
by the ﬁrst ﬂash to be completely reduced, the signal increment due
to the second ﬂash is expected to be of similar size to that of the ﬁrst
ﬂash, provided that the environments (and therefore the ﬂuorescence
yields) of NADPH produced by the 2 ﬂashes are identical. Secondly, to
study the kinetics of NADPH formation for Δt as short as possible but
long enough to elicit a second turnover inmost of PSI. In such conditions
of double PSI turnover, we may expect that this leads to an increase in
the initial rate of NADPH formation by comparison to single-ﬂash
kinetics.
In Fig. 5A, double-ﬂash experiments with Δt of 1 ms and 20 ms are
compared to single laser-ﬂash experiments. Three observations can be
made from these comparisons: Firstly, the signals for both double-
ﬂash experiments are larger than for single ﬂash (ﬁnal levels of b and
c above that of a). This was expectable as double PSI turnover should
give more NADPH than single PSI turnover. Secondly, the signals for
the two double-ﬂash experiments are differentwith a signiﬁcantly larg-
er signal for the largestΔt (c above b at 40–80ms). Thismay appear sur-
prising at ﬁrst sight as, in both cases, these are two PSI turnovers so that
the amount of photoreduced acceptors should be the same. Thirdly, the
initial rate in the double-ﬂash experiment withΔt = 1ms (b) is similar
to that of the single ﬂash experiment (a), and the two curves deviate
only after c. 8–10ms, as better seen in Fig. S7. This shows that increasingthe amount of reduced ferredoxin or reduced PSI terminal acceptors
above the single ﬂash level does not lead to a higher initial rate of
NADPH formation, thus pointing to a kinetic limitation.
The ratio of the second ﬂash increment to the ﬁrst ﬂash amplitude is
plotted in Fig. 5B as a function of Δt. Several features of this plot are
noteworthy:
- A hardly visible increase forΔt between 0.1 and 0.5ms: This is attrib-
uted to an increasing contribution of double PSI turnover in this time
interval, as a signiﬁcant part of P700 is still oxidized at 0.1 ms after
the ﬁrst ﬂash and is reduced between 0.1 and 0.5 ms [23], so that
the amount of reduced acceptors (ferredoxin and PSI terminal
acceptors) resulting from PSI photochemistry increase with Δt.
- An almost constant level for Δt between 0.5 and 2 ms: This is attrib-
uted to a large and almost constant amount of double PSI turnover in
this time interval. We performed preliminary in vivo ﬂash-induced
absorption kinetics in the near infra-red region (800/870 nm, data
not shown) with a 30 μs time resolution. While these data support
the fact that plastocyanin oxidation contributes to the infrared
absorption changes, they also show that at most 20% of P700 is still
oxidized at 0.5 ms after the ﬂash, so that there is little P700+ reduc-
tion between 0.5 and 2 ms after the 1st ﬂash.
- A 2-fold increase for Δt between 2 and 40 ms, which cannot be
attributed to an increase in the amount of double PSI turnover, as
this last increase should be small in this time range (see above).
The NADPH signal increase is attributed to the fact that, when the
two ﬂashes are relatively close in time, the resulting reductants
cannot be used for NADPH formation as efﬁciently as when the
ﬂashes are well time-separated. This is also in agreement with a
kinetic limitation of NADPH formation.
- The “asymptotic value” of the signal increment (Δt = 20–40 ms)
corresponds to c. 90% of the 1st ﬂash signal. This shows that the
yield of NADPH ﬂuorescence is about the same for the ﬁrst and
second ﬂashes.
3.6. Rising kinetics and ﬁnal amplitudes are not light-limited during
continuous illumination
NADPH accumulation kinetics are shown in Fig. 6 for 5 different
actinic-light intensities. The initial rate of NADPH formation increases
at the smallest intensities and becomes constant at larger intensities.
The ﬁnal signal size under light is about the same at all light intensities.
A small decrease in signal size is also observable at the highest intensi-
ties, an effect for whichwe have no explanation. The after-light decay is
similar at all light intensities and is initially about 10-times slower than
the signal rise at the largest light intensities. This indicates that themax-
imum level under light does not result from a competition between
NADPH formation and decay.
3.7. NADPH consumption is activated by prolonged illumination
We studied the kinetics of dark NADPH decay following different
times of illumination from 0.5 to 32 s. This is shown in Fig. 7, where in-
creasing times of illumination alternate with dark periods of 2 min.
Whereas the ﬁnal level under light is similar in all cases, the size of
the after-light signal undershoot increases with the illumination dura-
tion (as also shown in Fig. S8). This effect is largely reversed with the
light duration of 0.5 s which ends the sequence. The initial dark decay
kinetics depend also strongly on the illumination duration, as illustrated
in Fig. 8, where the same data are plotted after adjusting the ﬁnal light
signals to the same ﬂuorescence level. As initial rates of dark NADPH
decay are difﬁcult to measure due to a poor signal to noise ratio, this
decay was quantiﬁed as the time necessary for dark consumption of
an arbitrary NADPH amount, which can be visualized by a horizontal
line in Fig. 8A.When the illumination time increases, this time decreases
almost ten times from 1.3 s to 0.15 s and reaches a plateau above 16 s of
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Fig. 7.After-light NADPH consumption depends upon the duration of the light period. The
NADPH signal was measured during a sequence of illuminations of increasing duration
(from 0.5 to 32 s; actinic light intensity of 340 μmol photons m−2 s−1) with 2 min of
darkness between consecutive light periods. The measurement ended with illumination
for 0.5 s. Cell suspensions corresponding to 5.4 μg chl./ml; preillumination treatment:
3 periods of 30 s illumination (Δt = 2 min) followed by a dark period of 5 min.
0 5 10 15 20 25 30 35
0.0
0.5
1.0
0.0 0.5 1.0 1.5
0.00
0.02
0.04
B
Ti
m
e 
fo
r N
AD
PH
 d
ec
ay
 /s
Duration of illumination /s
A
N
AD
PH
 fl
uo
re
sc
en
ce
 (a
.u.
)
 Time /s
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equals one apparent NADPH per PSI (see the Discussion section).
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illumination duration of 0.5 s) appears to be partial in this case (red
square in Fig. 8B). Both observables (initial dark decay and size of un-
dershoot) can be explained by the activation of an NADPH-consuming
process during light, which could well be the Calvin–Benson cycle. It
can be also noticed that for illumination periods up to 3 min, kinetic
characteristics (initial decay rate and size of undershoot) similar to
those after 32 s were observed (data not shown). This indicates that
there this no further visible change in NADPH consumption after 30 s
of illumination.
4. Discussion
4.1. In vivo ﬂuorescence spectra
In vivo ﬂuorescence spectra measured either after a ﬂash or during/
after continuous illumination are similar to the spectrum of NADPH that
was added to a cell suspension, hereafter named in vitro spectrum
(Figs. 1C and 2C). However small but signiﬁcant differences were
observed between them. Whereas the two light-induced spectra are
quite similar (green spectra in Figs. 1C and 2C), they both differ from
the in vitro spectrumat 500nm(black spectrum). A similar lack of signal
at c. 500 nm is also observed for the after-light ﬂuorescence undershoot
(orange spectrum in Fig. 2C).We have no explanation for these observa-
tions. One may think of ﬂuorescence quenching by a chromophore
(carotenoid?) with an absorption maximum around 500 nm. The
after-light undershoot spectrum also differs from other spectra
by relatively larger signals below 480 nm. This suggests that
NAD(P)H could be in different environments with varying contribu-
tions of the different NAD(P) subpopulations during continuous
light measurements. Studying further the spectral characteristics
of the ﬂuorescence light-induced signals under different conditions
and at different time scales might be certainly useful to further
understand NAD(P)H formation and consumption.
4.2. NADPH is formed rapidly both after a ﬂash and during
continuous illumination
As already mentioned, it is quite possible that NADH contributes to
part of the signals described in the present work. However, the fast sig-
nal rise following either a ﬂash or the onset of high-intensity continuous
illumination, is highly likely due to NADPH, which is produced by FNR
from PSI-photoreduced ferredoxin. Similarly, the abrupt decay at the
endof illumination is likely due toNADPHconsumption by the activated
Calvin–Benson cycle. After a single saturating ﬂash (either laser ﬂash of
nanosecond duration or 10 μs ﬂash provided with the DUAL-PAM),
NADPH formation is almost completed within 40 ms with half of the
signal rise observed at 8 ms after the ﬂash. To our knowledge, this is
the ﬁrst report of in vivo ﬂash-induced kinetics whereas similar kinetics
have been previously observed only with intact spinach chloroplasts,
albeit at a signiﬁcantly slower rate ([9]; half signal rise at c. 30 ms).
The kinetics observed in our work appear to be fast in view of the
multiple successive steps which are involved in FNR catalysis [1]. This
mechanism involves two successive reduction steps of the FAD cofactor
of FNR by two reduced ferredoxins and hydride transfer from FADH− to
NADP+ [24,25]. Several protein–protein dissociation steps are also
involved (reduced ferredoxin from PSI, oxidized ferredoxin from semi-
reduced FNR). The lag of c. 2 ms which precedes signal rise is thus
easily understandable as NADPH formation is the last event of a long
sequence.
Under our growth conditions (photoautotrophy, exponential phase),
themost part of FNR is present in its large PBS-bound isoform [3].When
observing the relatively fast kinetics of NADPH formation after a ﬂash,
this must be kept in mind together with the fact that two different
reduced ferredoxins, being reduced by two different PSI complexes,
are involved in a catalytic cycle. Supramolecular organization of the
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observed kinetics. Modiﬁcations in this supramolecular organization
by mutations or growth conditions will be useful to understand how
stringent this organization is for maintaining a high rate of NADPH
formation.
4.3. Light-induced slow ﬂuorescence changes
During continuous illumination, slowly varying ﬂuorescence chang-
es are occurring after the initial fast rise (Fig. 2A), as already observed
[9]. Changes in NADH concentrations may contribute to such slowly
varying signals. Other hypotheses dealing with changes in NADPH ﬂuo-
rescence will be discussed below. Electrochromic pigment absorbance
shifts due to changes in membrane potential have been observed in
plants and algae with kinetics under light similar to these slow changes
(see e.g. [26,27]). This may suggest that the membrane potential could
modify the NADPH ﬂuorescence, by a yet unknown process. However
testing this hypothesis requires to measure such electrochromic shifts
in cyanobacteria, which, to our knowledge, have not been described
yet. A local change of pH close to the cytoplasmic side of the membrane
is also not expected to give any contribution, as NADPH ﬂuorescence is
constant in the pH range 7–10 (see the Material and methods section).
It was also earlier proposed that the slow NADPH transients could be
correlated to changes in chlorophyll ﬂuorescence [9], thereby linking
NADPH levels to changes in the PQ pool redox state. We tested this pos-
sibility by performing chlorophyll ﬂuorescence measurements simulta-
neously with NADPHmeasurementswith the DUAL-PAM.Moreoverwe
measured with another PAM spectrometer P700+ kinetics under
similar conditions of light excitation. Both types of measurements
(data not shown) could not be easily correlated to the NADPH ﬂuores-
cence kinetics. Further work is therefore needed before any correlation
between NADPH ﬂuorescence and other in vivo probes can be possibly
established.
4.4. In vivo enhancement of NADPH ﬂuorescence
Measuring the ﬂuorescence signal of exogenous NADPH added to a
cell suspension allows, in principle, the vertical scale to be converted
from arbitrary units to absolute NADPH concentrations (see Table 1
for absolute vertical scaling of data). For testing the validity of quantiﬁ-
cation, measurements with saturating laser and 10 μs ﬂashes are appro-
priate because these ﬂashes elicit single charge separation in all PSI
reaction centers: As an example, the rising end-signal of Fig. 4A was
found to correspond to an NADPH light-induced concentration of
22.5 nM, whereas the PSI concentration was 23.4 nM (as estimated
with 5% uncertainty from the chl. concentration in the cell suspension;
see the Material and methods section). As NADPH requires two elec-
trons, provided by PSI-photoreduced ferredoxin, to be formed from
NADP+, a maximum NADPH concentration of 23.4/2 = 11.7 nM is ex-
pected (assuming that all electrons from PSI are involved in producing
NADPH). In all experiments that we performed during this study
with different cultures and different conditions of measurementsTable 1
Signal amplitudes and apparent NADPH concentrations. The last two columns allow the scale
addition of exogenous NADPH (2 to 4 μM) at the end of the light-induced measurements. Th
chl. to PSI ratio of 105.
Figure PSI concentration
(nM)
Signal corresponding to 1 app
(a.u.)
Fig. 2A 26.6 1.06
Fig. 4 23.4 0.00905
Fig. 5A 25.0 0.0238
Fig. 6 21.3 Scale unit × 0.85
Fig. 7 57.6 0.0143(e.g. number, duration, periodicity of illumination periods before the
ﬂash measurements), the NADPHsingle ﬂash/PSI ratio was found to be
comprised between 0.70 and 0.98, numbers which should be compared
with a maximum expected value of 0.5. This shows that in vivo light-
induced ﬂuorescence is enhanced compared to ﬂuorescence of
exogenous NADPH.
The most simple explanation for these observations is that the
ﬂuorescence enhancement is due to FNR binding, as the yield of
NAD(P)H ﬂuorescence has been reported to increase with protein bind-
ing [12,20]. This possibility was tested by double-ﬂash experiments
(Fig. 5) eliciting double PSI turnover:
1st ﬂash + FNR + NADP1+→ FNR-NADPH1
2nd ﬂash + FNR-NADPH1 + NADP2+→ FNR-NADPH2 + NADPH1
where NADP(H)1 and NADP(H)2 are two different NADP(H) molecules.
The above scheme assumes that FNR does not bind NADPH in darkness
and, for the sake of simplicity, that each enzyme undergoes a single
catalytic cycle after each ﬂash.
Several other experimentally-based assumptions are implicit in this
scheme: Firstly, NADPH has a much stronger afﬁnity for FNR than
NADP+ with a Kd for NADPH of c. 0.8 μM being 6% that for NADP+
[28]. Secondly, the in vivo FNR concentration, which lies in the 100 μM
range [16], is much less than that of PSI (a PSI to FNR ratio of c. 4 was
measured recently in Synechocystis [16]). It is therefore very likely that
most of FNR will bind NADPH after completion of the ﬁrst ﬂash signal
rise.
From the scheme, it appears that the second ﬂash should give rise to
an incremental production of NADPHwhich is not FNR-bound. However
Fig. 5 shows that ﬂuorescence enhancement occurs as well for the
second ﬂash increment (Fig. 5A: [PSI] ≈ 25 nM, the 1st ﬂash signal
and the 2nd ﬂash incrementwithΔt= 20ms correspond toNADPH ap-
parent concentrations of c. 20 and 18 nM, respectively; see Table 1).
From this, one can conclude that the ﬂuorescence enhancement cannot
be attributed solely to FNR binding. This means either that the in vivo
ﬂuorescence of free NADPH is also enhanced, or that NADPH1 binds to
another ﬂuorescence-enhancing protein as soon as it is released from
FNR. This last possibility is in line with [12] where it was concluded
that most of NADPH is protein-bound in the chloroplasts. One can also
note that, as the NADP pool is partially reduced in darkness under our
experimental conditions (see below), FNR may bind NADPH in dark-
ness. If this is the case, even the ﬁrst ﬂash ﬂuorescence enhancement
cannot be due to FNR binding.
4.5. NADP+ photoreduction is kinetically limited and in competition with
other processes: evidence for an FNR bottleneck
Two different features of the double-ﬂash experiment point to a
kinetic limitation of NADP+ photoreduction: Firstly, whereas the ex-
pected amount of reduced ferredoxin or PSI terminal acceptors
(hereafter named (Fd-PSI acc.)red) in double-ﬂash measurements
with Δt = 0.5–2 ms is almost twice larger than in single-ﬂashin ﬁgures to be converted into absolute NADPH concentrations and were calculated after
e PSI concentration was calculated from the chl. a concentration by assuming an in vivo
arent NADPH per PSI Light-induced apparent NADPH concentration
(nM)
115 (end of initial rise)
22.5 (40–60 ms)
20 (laser; 40–60 ms)
94 (green curve)
190–230 (end of illuminations)
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shown for Δt = 1 ms in Fig. 5A). Secondly, in double-ﬂash kinetics,
the increment of NADPH due to the second ﬂash increases two-fold
when Δt varies from 2 to 40 ms, for an almost constant amount of
(Fd-PSI acc.)red (Fig. 5B). This last observation provides evidence
that, when Δt is smaller than c. 10 ms, processes different from
NADP+ reduction efﬁciently consume (Fd-PSI acc.)red. These pro-
cesses can be recombination reactions, cyclic electron transfer,
superoxide formation and reduction of Fd partners other than FNR.
The yield of NADPH formation, i.e. the percentage of (Fd-PSI acc.)red
used for NADP+ reduction, will be noted as ρNADPH. The aforementioned
two-fold increase (when Δt varies from 2 to 40 ms) shows that ρNADPH
is less than 0.5 for (Fd-PSI acc.)red produced by the second-ﬂash when
Δt is in the range 0.5–2 ms (it will be c. 0.5 if the ﬁrst ﬂash ρNADPH
is one; more generally, one has: ρNADPH, 2nd ﬂash, Δt = 0.5 − 2 ms ≈
0.5 × ρNADPH, 1st ﬂash). In other words, our data show that more than
50% of (Fd-PSI acc.)red can be used for processes other than NADP+
reduction under a temporary overaccumulation of (Fd-PSI acc.)red
associated to fast double PSI turnover. The relatively small value of
ρNADPH, 2nd ﬂash, Δt = 0.5 − 2 ms is consistent with a kinetic limitation
in NADP+ reduction.
Therefore the two above features can be attributed to a kinetic limi-
tation which we call the FNR bottleneck. Such a denomination is sup-
ported by the observation that the size of the second-ﬂash signal
increment follows a Δt dependence (shown in Fig. 5B) which is super-
imposable to the kinetics of single ﬂash NADPH formation (black
curve of Fig. 5B): One can think that when NADPH is formed after the
ﬁrst ﬂash by hydride transfer from FADH− to NADP+, oxidized FAD
becomes available for reduction by ferredoxin, thus relieving the
FNR bottleneck, at the expense of other processes competing for
(Fd-PSI acc.)red.
4.6. Estimation of the NADPH ﬂuorescence enhancement in vivo
In vivo NADPH ﬂuorescence is enhanced compared to that of ex-
ogenously added NADPH. The enhancement factor (hereafter called
FEF, the ﬂuorescence enhancement factor) is larger than 2 as the
amount of the NADPH apparent concentration formed after a single
ﬂash can be as large as twice its expected maximum (Table 1 and
Section 4.4). Besides a lower limit, we may try to determine an
upper limit for the FEF: It is highly likely that the FEF is ≤4 as a
value larger than 4 gives less than one NADPH photoproduced per
PSI (Table 1), which appears to be highly unlikely.
4.7. The light-dependent NADP pool: size and redox state
Data from Fig. 6 provide evidence that the maximum amount of
NADPH is not limited by light or by a kinetic competition with the
dark decay, which is much slower than the signal rise induced by
high-intensity light. This indicates that the NADP pool is almost fully re-
duced under illumination of sufﬁcient intensity. On the other hand, if
one assumes that NADPH (vs NADH) consumption makes the major
contribution to signal decay just after cessation of illumination, in line
with the activation of the Calvin–Benson cycle, the lowest level of
NADPH is observable after completion of the undershoot signal follow-
ing continuous illumination (Figs. 2 and 7). As this decay is considerably
faster than the subsequent dark NADPH formation (Figs. 7 and S8A),
which may be attributed to the oxidative pentose phosphate pathway,
the lowest level (atmaximumextent of undershoot) should correspond
to an almost fully oxidized NADP pool. From what precedes, the differ-
ence between the maximum and the minimum ﬂuorescence levels
observed under appropriate conditions (sufﬁcient light intensity for ob-
serving the maximum signal and illumination of long enough duration
for observing the minimum signal after undershoot) gives the approxi-
mate size of the light-dependent NADP pool. Using this method, we
consistently found pool sizes comprised between 5.5 and 8 NADP perPSI, not taking into account the FEF. With an FEF of 2 to 4, this drops
to NADP/PSI ratios between 1.4 and 4. Assuming 105 chlorophylls per
PSI in vivo (see the Material and methods section), this corresponds to
15–43 nmol NADP/mg chl.
Assuming that most of the signal arises from NADPH and that its
ﬂuorescence yield is constant, our data indicate that the NADP pool is
30 to 50% reduced in darkness (see baseline levels in Figs. 2 and 7).
This is similar to what was found in spinach chloroplasts ([29], pool
55% reduced). More recently, measurements of the pool redox state
were performed in Synechocystis, without explicitly mentioning the
dark/light conditions, and gave highly contrasting results (60% reduced
in [30]; 75% reduced in [31]; entirely oxidized in [32]). It can also be no-
ticed that no after-light undershoot was observed by Schreiber and
Klughammer [9] with c. 2 min illumination of cyanobacterial suspen-
sions, both in Synechocystis and in Synechococcus sp. PCC7942, whereas
a large undershoot was observed by the same authors after a short
and intense illumination following 5 min preillumination [9]. These
differences may be due to differences in growth conditions or in
cell history during the period between centrifugation/resuspension
and signal acquisition. These factors may inﬂuence the energy state
of the cells, thus affecting the different pathways consuming or pro-
ducing NAD(P)H in darkness as well as modifying the conditions for
activating the Calvin–Benson cycle.
4.8. The maximum rate of NADPH consumption after light is signiﬁcantly
smaller than the photosynthetic rate
Data of Fig. 6 were used to determine the time required for photore-
duction of one apparent (disregarding the FEF) NADPHper PSI as a func-
tion of the actinic light intensity. This time decays from 105ms to about
18ms at intensities above 300 μmol photonsm−2 s−1 (Fig. S9). Similar-
ly, data in Fig. 8A were used to estimate the initial NADPH consumption
after prolonged illumination (the difference in horizontal magenta lines
corresponds to one apparent NADPH per PSI): It takes 150 ms for decay
of one apparent NADPH per PSI (Fig. 8B). A similar time (150 ± 20ms)
was determined for all samples studied with [PSI] between 20 and
30 nM and illumination periods between 16 and 180 s. Therefore
there is an 8-fold ratio between the rates of maximum NADPH forma-
tion and consumption. Taking into account an FEF of 2–4 and PSI
being quantiﬁed by assuming 105 chl. per PSI, the times of 18 and
150 ms determined above can be easily converted to more currently
used units, i.e. 530–1070 and 64–128 μmol NADPH mg−1 chl. h−1
(NADPH photoproduction and initial dark consumption, respectively).
In parallel with NADPH measurements, we performed mea-
surements of net oxygen evolution and found values of 193–
258 μmol O2 mg−1 chl. h−1, in accordance with published values
comprised between 150 and 400 μmol O2 mg−1 chl. h−1 [33–36].
Assuming that NADPH is consumed entirely for CO2 assimilation by
the Calvin–Benson cycle with negligible photorespiration, the
observed NADPH initial decay corresponds to a photosynthesis rate of
32–64 μmol CO2 mg−1 chl. h−1. This rate converts to a slightly higher
of rate of oxygen evolution as, during linear electron transfer, part of
the net electron ﬂux may be used for other processes, i.e. essentially
nitrogen assimilation. Nevertheless, our measurements of NADPH
consumption appear to be at odds with the observed rate of oxygen
evolution. Further work is needed to understand this discrepancy.
4.9. NADPH ﬂuorescence as a versatile probe
Although ﬂuorescence is not a priori a highly reliable technique
when it comes to quantitation, we have shown here that the light-
induced formation and subsequent decay of NADPH, as recorded by
in vivo ﬂuorescence, can provide semi-quantitative results for studying
the energetic metabolism of cyanobacteria. The in vivo NADPH ﬂuores-
cence was found to be enhanced, and the enhancement factor was esti-
mated within a factor of 2. Our study paves the way for measuring the
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further understand FNR catalysis in vivo. Many energetic processes can
be studied with this technique, e.g. the activation and desactivation
step(s) of the Calvin–Benson cycle, the relative electron ﬂuxes involved
in this last process and in competing ones (e.g.NADPH consumption by
ﬂavodiiron proteins [37], hydrogenase, nitrogen assimilation, etc.) and
the cyclic and respiratory electron ﬂows. As a general conclusion, the
present study shows that NADPH ﬂuorescence is an efﬁcient probe for
studying the energetic metabolism of cyanobacteria which can be
used for assessing multiple phenomena occurring over different time
scales.
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